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Abstract 

A simple approach has been developed for the synthesis of anisotropic cubic chain-like Pd nano- 
structures in an aqueous medium. The cubic chain-like Pd nanostructures show better performance 
toward oxidation of formic acid and methanol. The cubic chain-like Pd nanostructures show — 11.5 
times more activity on the basis of an equivalent noble metal mass for the formic acid and methanol 
than the spherical shaped Pd nanoparticles and commercial Pd/C catalysts. Further, the superior 
electrocatalytic performance of the present anisotropic cubic chain-like Pd nanostructures toward 
the oxidation of alcohols makes them excellent candidates as high performance multipurpose 
catalysts for direct formic acid fuel cells (DFAFC), direct methanol fuel cells (DMFC), direct ethanol 
fuel cells (DEFC), respectively. 

© 2013 Elsevier Ltd. All rights reserved. 



Introduction 

Controlling the morphology of noble metal nanocrystals has 
been one of the most recent and attractive research topics 
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for the past few decades, especially in the field of catalysis, 
because the catalytic activity and stability of catalysts 
are strongly correlated with the size and shape of the nano- 
crystals in a variety of chemical reactions [1-3]. It has been 
demonstrated that the intrinsic properties of nanostruc- 
tured material can be dramatically enhanced by shape and 
structural variation [4-6]. The one dimensional metal nanos- 
tructures like nanowires, nanobelts, and nanotubes have 
attracted significant interest due to their exotic technological 
applications [7-10]. The surface roughness and inherent high 
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index facets of anisotropic metal nanoparticles stimulate 
impressive applications in electro-catalysis, sensors, SERS 
and many more [11-15]. At present, Pt is still the most 
commonly used electrocatalytic material for fuel cells in 
terms of both activity and stability. However, the high 
cost of Pt is one of the most important barriers that 
limits the large-scale commercialization of fuel cells [16]. 
Therefore, economical and effective alternative catalysts are 
required. 

Among the metal based catalysts studied to date, Palla- 
dium (Pd) is considerably less expensive than Pt, and Pd 
has been focusing on recent research as an attractive and 
alternative catalysts nanomaterial for a wide range of applica- 
tions in catalysis, hydrogen storage and biosensing, reduction of 
automobile pollutants and so forth [17-20]. It has been found 
that upon appropriate modification of their surface atomic 
structure, Pd-based nanomaterials can become promising elec- 
trocatalysts by simultaneously decreasing the material cost and 
enhancing the performance [20,21]. Recently, Pd nanoparticles 
have been accepted as a better alternative material for 
polymer electrolyte membrane fuel cells towards catalytic 
oxidation of formic acid as well as oxygen reduction in a 
proton-exchange membrane (PEM) fuel cell [22,23]. Further- 
more, Pd nanoparticles have been chosen as the best alter- 
native material for solving many industrial process problems 
and demand the exploration of a new synthetic approach for 
production of well-defined shapes and structures. Attempts 
have been made to develop anisotropic Pd nanostructures 
mainly using surfactants and polymers or high temperature 
reactions in organic medium [24-31]. Although, these methods 
were successful in producing well-defined Pd nanostructures, 
the strong adsorption of these protecting agents resulted in a 
decrease of catalytic activity [22]. Nevertheless the aqueous 
medium based synthesis of metal nanoparticles is more promis- 
ing from an environmental standpoint, adding an advantage 
over the use of toxic organic solvents [32-34]. Moreover these 
protocols are limited to producing nanoparticles with a smooth 
surface morphology. However, it has been observed that the 
interesting nanoarchitectures with high surface roughness and 
surface steps can contribute to the increased accessibility of 
reactant species and are more attractive for enhancing cataly- 
tic application [35]. Therefore, it is highly desirable to explore 
a facile approach to produce nanocatalysts with high surface 
areas and high degree of structural anisotropy for improved 
performance in technological applications. 

Herein, we explore a new approach for the synthesis of 
chain-like Pd ( branches in a tree) nanostructures (PdCNs) 
with a cubic morphology in an aqueous medium. Here 
we use the neurotransmitter 5-hydroxytryptamine (HT) to 
address the environment-friendly and green perspectives. A 
notorious problem in the shape-controlled synthesis of 
metal nanoparticles is the shape heterogeneity of the 
synthesized product. This report clearly demonstrates the 
formation of uniform PdCNs with a unique morphology. To 
the best of our knowledge, this is the first report that 
describes rapid eco-friendly synthesis of cubic chain-like Pd 
nanostructures without any template, polymer, surfactant 
or without any heat treatment procedures. The cyclic 
voltammetry and chronoamperometry are employed to 
investigate the morpho-dependent electrocatalytic activity 
of these chain-like cubic Pd nanostructures toward the 
oxidations of formic acid, methanol and ethanol. 



Experimental section 
Materials 

PdCl 2 and 5-hydroxytryptamine were obtained from Sigma- 
Aldrich Chemical Company. The phosphate buffer solution 
(PBS; pH = 7.2) was prepared using Na 2 HP0 4 and NaH 2 P0 4 . 
Double distilled water was used to prepare the solutions in 
this investigation. All other chemicals used in this investigation 
were of analytical grade. All the solutions were prepared with 
deionised water (18 m£2) obtained from Millipore system. 

Synthesis of cubic chain-like Pd nanostructures 

Glasswares used for synthesis were well cleaned with freshly 
prepared aqua regia (3:1 HCl and HN0 3 ), then rinsed 
thoroughly with water and dried prior to use (Caution! aqua 
regia is a powerful oxidizing agent and it should be handled 
with extreme care). In a typical synthesis, 10 ml aqueous 
solution of PdCl 2 (0.1 mM) was taken in a beaker and then 
0.1 ml of 5-hydroxytryptamine (5-HT) (10 mM) was rapidly 
injected into the solution, allowed for 30 min in static state. 
The resulting nanocolloid was stored at 4 °C for further use. 

Characterization 

The morphologies of the cubic chain-like, dendrites and 
fractal Pd nanostructures were characterized by a field 
emission-scanning electron microscopy (FE-SEM JEOL JSM- 
6301F). The specimens were prepared by dropping 3 pi of 
colloidal solution onto silicon wafer substrate. The crystal- 
lographic information of the prepared Pd chain-like nano- 
structures were studied by the powder X-ray diffraction 
technique (XRD, Shimadzu XRD-6000, Ni filtered CuKa 
(2 = 1.54 A) radiation operating at 30 kV/40 mA). 

Electrochemical measurements 

Electrochemical measurements were performed using two 
compartment three-electrode cell with a glassy carbon 
working electrode (geometric area=0.07 cm 2 ), a Pt wire 
auxiliary electrode and Ag/AgCl (3 M KCl) as reference 
electrode. Cyclic voltammograms were recorded using a 
computer controlled CHI643B electrochemical analyzer. All 
the electrochemical experiments are carried out in an argon 
atmosphere. The 3 pi of as-synthesized chain-like nano- 
structures are dispersed over glassy carbon electrode with 
nation and dried prior to electrochemical experiments. 

Results and discussion 

The cubic chain-like Pd nanostructures have been charac- 
terized to establish their nanostructure and mechanism of 
shape evolution. Figure 1 shows the FE-SEM images obtained 
for the nanoparticle synthesized using 5-HT. The FE-SEM 
image shows that Pd nanoparticles were cubic morphology 
with chain like-structures ( branches in a tree-, Figure 1 a d). 
The cubic chain-like Pd nanocubes have an average size 
between 140 x 160 nm and 140x210nm. Furthermore, we 
examine the stability of cubic chain like-structures PdCNs 



One-pot synthesis and enhanced electrocatalytic activity of chain-like palladium nanocubes 



679 




Figure 1 FE-SEM images of (a) simple branched chain-like cubic 
(c) a portion of image “b” and (d) a portion of image “c”. 

prepared at a cone, of 0.1 mM 5-HT, the FE-SEM images were 
taken after 1 and 5 h time interval and presented in 
Figure 2a-c. From the FE-SEM measurements the density, 
length and number of cubic branches per nanochains were 
almost same over the growth period up to 5 h (Figure 2a and b). 
These time-dependent features can be ascribed either to the 
aggregation of nanoparticles or the growth of anisotropic 
nanostructures. The morphology of cubic chain-like Pd nano- 
structures remained the same even after 5 h, implying that the 
observed feature is not due to the aggregation of nanoparticles. 
The chain-like Pd nanocubes grow up to the size of ~80|.im 
with more than 25 branches in 5 h (Figure 2d). The observed 
results suggest that the cubic chain-like morphology is highly 
stable by varying the time intervals (both 30 min, 1 and 5 h). To 
the best of our knowledge, this is the first report that describes 
rapid eco-friendly synthesis of cubic chain-like Pd nanostruc- 
tures ( branches in a tree) at room temperature without any 
heat treatment, template, polymer, or surfactant. The over- 
view of the mechanism for formation of such a unique shape 
can be outlined in Scheme 1 as: (i) in the initial stage of 
reaction, Pd 2+ ions are reduced by 5-HT to form nano-sized 
small Pd cubic shaped nanoparticles (around 5-10 min), (ii) a 
homogeneous nucleation of these cubic nanoparticles forms 
small, primary Pd cubic nano-chains by gradual assembly of 
these particles that grows into a one-dimensional intercon- 
nected nanostructure and a complete growth of cubic chain- 
like nanostructures was observed after 30 min of reaction 
(iii) these primary particles undergo nucleation/assemble due 
course over time into a 1 -D nanostructure and reconstruction of 
these small nanocubes into cubic dendritic nanowires [36,37]. 
We propose that, 5-HT molecule (stabilising/ reducing agent) 
plays a vital role on selective binding on the surface of 



Pd nanostructures using 5-HT (0.1 mM), (b) a portion of image “a”, 



1-D nanostructure and reconstruct the tiny nanocubes into 
dendritic-like nanochains. The growth of nanostructured parti- 
cles is highly perceptive to the concentration of 5-HT and 
precursor, Pd z+ (Figure 3). Here we demonstrate that cubic 
chain-like Pd nanostructures, cubic small dendrites of Pd 
nanostructures, cubic big-dendrites of Pd nanostructures and 
fractal Pd nanostructures could be selectively prepared by 
manipulating and controlling the concentration of 5-HT and 
Pd 2+ (Figures 4, 5 and Figure SI). It should be noted here that 
this procedure establishes a universal protocol for synthesis of 
monodisperse Pd nanostructures with a variety of shapes 
without adopting different strategies, reaction conditions, or 
injection of foreign reagents. Minor change in the concentra- 
tions of stabilizer and a fixed concentration of precursor or 
vice versa results in the formation of different morphologies of 
the nanoparticles assembly (Figure 3). 

Recently, Willner and co-workers have reported the catae- 
cholamine neurotransmitters mediated growth of Au nanopar- 
ticles and their quantification by optical method [38]. The 
catacholamine neurotransmitters and their metabolites induce 
the growth of spherical shape nanoparticles, and they do not 
induce the formation of any anisotropic nanoparticles [38]. In 
the present investigation, we observed cubic Pd nanochains, 
cubic nanostructures of big-dendrites, and fractal nanostruc- 
tures by the indoleamine neurotransmitter. The formation of 
chain-like nanostructured particles is attributed to the oxida- 
tion of 5-HT by PdCl 2 . As shown in Scheme 2, reduction of 
PdCl 2 occurs due to the transfer of electrons from HT to the 
metal ion, resulting in the formation of Pd°. The metallic Pd 
then undergoes nucleation and growth with time to form cubic 
chain-like Pd nanostructures, cubic nanostructures of den- 
drites and fractal nanostructures. It is well documented in the 
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Figure 2 FE-SEM images of simple branched chain-like cubic Pd nanostructures using 5-HT (0.1 mM) after 1 h (a), 5 h (b) and close 
view of image “b”. The image “c” represents the length of the branches in a sample. The image “d” represents maximum length of 
chain-like nanocubic particles. 




Scheme 1 Schematic presentation showing the formation/ 
growth process of cubic chain-like Pd nanostructures and 
dendritic nanochains. 



literature that the oxidation of 5-hydroxyindole generates a 
free radical [39-43]. The radical generated by the oxidation of 
HT can undergo a chemical reaction in aqueous solution to 
yield different products. The reaction of radical strongly 



depends on the experimental condition. The hydroxylated 
dimers (5,5'-Dihydroxy-4,4'-bitryptamine (DHB)) and trypta- 
mine-4,5-dione (TAD) (Scheme 2) are the major products in 
neutral and acidic pH. These oxidation products are expected 
to adsorb on the surface of the nanoparticles (vide infra) by 
different orientations, resulted that different cubic chain-like 
Pd nanostructures. In Scheme 2, “a” and “b” representing the 
reversible redox reaction, these oxidized products were 
expected to adsorb on the surface of the nanoparticles 
through amino groups (-NH 2 ), resulted the Pd nanoparticles. 
It is expected that the hydrogen bonding between above two 
compounds with PdNPs (cellulose type hydrogen bonding), 
resulting that chain-like nanostructures. 

We suggest that the balance act between the concentra- 
tion of precursor and stabilizer determine their shape 
evolution process. The effect of Pd 2+ concentration can 
be speculated as at high concentration, Pd 2+ ions are 
floating around to seed the growth of the Pd nanocubes 
and speed up the nucleation to form compact large nano- 
cubes. On the other hand at lower concentration the Pd 2 + 
ions are diluted enough to decrease the seeding and small 
cubic chain-like nanostructures were formed. Those small 
nanocubes undergo controlled nucleation to form the 
dendritic morphology. When the concentration of 5-HT 
is increased, Pd nanostructures with a big dendritic and 
fractal shaped morphology were obtained. This may be due 
to the high concentration of 5-HT (reducing/stabilising 
agents) which not only expedites the reduction of Pd 2+ to 
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Figure 3 FE-SEM measurements of different morphologies of Pd nanoparticles induced at different concentrations of 5-HT and 
Pd(ll). 





Figure 4 FE-SEM images of 5-HT-induced (0.3 mM) formation of cubic chain-like small dentries of Pd nanostructures. 
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Pd°, but also controls the nucleation process. Our examina- 
tion concludes that the optimal metal precursor concentra- 
tion for the preparation of Pd nanoparticles with uniform 
distribution of nanocubes was of 0.5 mM. When the con- 
centration goes up to 0.75 mM, the chain-like cubic nano- 
particles were aggregated. The sufficient numbers of 5-HT 
molecules present around the reaction direct the nuclea- 
tion/assembly of the reduced primary Pd cubic nanoparti- 
cles in different arrays or unique direction to produce cubic 
chain-like Pd dendritic nanostructures, nanostructures of 
small, big-dendrites, and multiple chain-like fractal shapes. 
So it can be speculated that the concentration of 5-HT not 
only stabilizes the nano-sized particles but its structure 
plays a vital role in controlling their nucleation or growth 
process in a universal pattern to produce cubic chain-like Pd 
nanostructures, cubic chain-like dendritic or fractal shapes. 
It is well established that using surfactants or polymers with 
different functional groups having different binding strate- 
gies such as acids and amines regulate the morphology of 
nanopararticles [44]. The formation of different shapes and 
morphology is controlled by the faceting tendency of the 
stabilizer and the growth kinetics to crystallographic planes 
[6,29,30]. We anticipate here that the structure and func- 
tional groups of reducing/stabilizing agents play a vital role 
in shape and morphology evolution of nanoparticles. 
Our efforts are yet underway to establish the structure- 
function relationship of the stabilizer for shape evolution of 
Pd nanoparticles using the bi-products of 5-HT (DHB and 
TAD). We propose a reasonable explanation towards the 
balancing act between the concentration of precursor and 
stabilizer for shape evolution of Pd nanostructures in 
Schemes 1 and 2. 



The X-ray diffraction (XRD) patterns were recorded to 
confirm the lattice facets of cubic chain-like Pd nanostruc- 
tures as shown in Figure 6. Peaks corresponding to Pd (111), 
(200), (220) and (311) were obtained. The relative peak 
intensities were compared using the peak area of (1 1 1 ) as a 
reference (JCPDS card number: 41-1021). The ratio of the 
relative peak intensity of (200) with respect to (111) is 
found to be 0.52 versus 0.6 of the standard value. However, 
the ratio of the relative peak intensities of high index planes 
(220) and (311) are higher than the standard values prev- 
iously reported (0.73 versus 0.42) and (0.71 versus 0.55), 
respectively [17,45,46]. This observation reveals that the 
cubic chain-like Pd nanostructures were abundant in high 
index facets. Further, XRD patterns for cubic small dendrites 
Pd nanostructures, cubic chain-like big-dendrites Pd nano- 
structures and fractal nanostructures of Pd nanostructures 
were recorded to confirm their lattice facets (Figure 6 and 
Figure S2). For instance, the ratio of the relative peak 
intensities of high index planes (220) and (31 1 ) is 0.61 versus 
0.42 and 0.65 versus 0.55 respectively for cubic small 
dendrites Pd nanostructures, which is lower than the values 
obtained for cubic chain-like Pd nanostructures (0.73 versus 
0.42) and (0.71 versus 0.55). Moreover, the formations of Pd 
nanoparticles were also investigated in the presence of 
5-hydroxyindoleacetic acid and N-aceltyserotonin, that are 
functionally correlated with respect to 5-HT. In similar 
conditions, both these structurally different molecules 
induce the formation of Pd nanostructures but the mor- 
phology differs (Figure S3). We anticipate here that the 
structure and functional groups of reducing/stabilizing 
agents affect the shape and morphological evolution of 
nanoparticles. 




One-pot synthesis and enhanced electrocatalytic activity of chain-like palladium nanocubes 



683 




Scheme 2 Mechanism for 5-HT induced formation of Pd nanostructures with different branches with cubic and fractal shapes. 




2 Theta (Degree) 

Figure 6 XRD pattern of as synthesized cubic chain-like Pd 
nanostructures (b). 

Pd is well-known to absorb massive quantities of hydro- 
gen in bulk to form hydrides and therefore has a great 
technological potential as a hydrogen storage material [47]. 
We have carried out cyclic voltammetric studies in acidic 
medium to examine the affinity of hydrogen toward all 
cubic chain-like Pd nanostructures. Figure 7 shows the 
voltammetric behavior of the cubic chain-like Pd nano- 
structures modified electrode in 0.5 M HC10 4 at a scan rate 




nanostructures (a) and cubic chain-like small dendrite of Pd 

of 50mVs _1 . The cyclic voltammogram (CVs) obtained for 
cubic chain-like Pd nanostructures in 0.5 M HC10 4 shows 
sharp distinguished anodic peaks in between -0.25 and 
-0.15 V. This broad peak is due to the oxidation of both the 
absorbed and adsorbed hydrogen on the cubic chain-like Pd 
nanostructures and has been earlier reported for bulk Pd 
electrodes [48]. However, the CV for the cubic chain-like Pd 
nanostructures coated disk electrode shows two distinct 
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Figure 7 (A) CVs of fractal Pd nanostructures (a), cubic Pd big-dendrites (b), cubic chain-like small dendrites of Pd nanostructures 
(c) and cubic chain-like Pd branched nanostructures in N 2 -saturated 0.5 M HC10 4 solution at a scan rate of 50 mV s _1 . 



voltammetric peaks, one of which is a small shoulder peak 
in the negative potential region during the anodic sweep 
[48-51]. The first peak at -0.23 V corresponds to the oxida- 
tion of the adsorbed hydrogen (H ad ), while the subsequent 
peak at -0.18 V is due to the oxidation of the absorbed 
hydrogen (H ab ) on Pd surface [49]. The cathodic peak during 
the reverse scan is due to both absorption and adsorption of 
hydrogen. It is known from the literature that the two well- 
resolved peaks for the oxidation of adsorbed and absorbed 
hydrogen in Pd are manifested exclusively in the case of Pd 
nanoparticles. This behavior is attributed to the larger 
number of surface sites available for adsorption on the 
nanoparticle's surface [48-51]. The large anodic peak corre- 
sponding to the desorption of hydrogen in the case of cubic 
chain-like Pd nanostructures modified electrode shows its 
potential as an excellent hydrogen storage material. The 
electroactive surface area of Pd has been measured from 
the palladium oxide stripping analysis [48]. The charge 
consumed during the reduction of Pd oxides has been 
estimated by integrating the area under the reduction 
wave. The electric charge of the hydrogen desorption of 
cubic chain-like Pd nanochains, small cubic nanostructures 
of dendrites, big-dendrites and fractal nanostructures were 
measured to be 132.4, 366.2, 509.4, and 784.2 pC (a-d) 
respectively. The electrochemically accessible area of cubic 
chain-like Pd nanostructures was calculated to be 1.476 cm 2 
using the reported value of 424 pC cmT 2 . This is a very large 
real surface area for the other chain-like Pd nanostructures 
such as cubic nanostructures of small dendrites, big-den- 
drites, and fractal nanostructures are 0.875 0.554, and 
0.253 crrr 2 , respectively. This large surface area arises due to 
cubic chain-like Pd nanostructures in which the Pd nanocubes 
were highly dispersed making a branches-on a tree type of 
nanostructure. Since the Pd nanoparticles were directly mod- 
ified on the electrode surface, the available effective active 
centers were also higher, which makes them an ideal electro- 
catalytic nanomaterial. 

Inspired by the attractive cubic chain-like structures and 
unique morphology of Pd nanostructures, we further proved 
these as nanoelectrocatalyst. Very recently Mohanty et al. 
observed a dramatic catalytic performance of dendritic noble 
metal nanoparticles towards the Suzuki-Miyaura and Heck 
coupling reaction [17]. Here we use methanol, ethanol and 
formic acid as model molecules for studying the 



electrocatalytic performance of cubic chain-like Pd nanos- 
tructures. The electrochemical oxidation of methanol and 
formic acid has attracted much attention due to their 
potential energy related applications for direct methanol 
fuel cells (DMFC) and direct formic acid fuel cells (DFAFC), 
respectively. It is generally accepted that noble Pt metal is 
the best catalyst for the formic acid oxidation but it suffers 
poisoning due to a strong adsorbed CO species generated as 
reaction intermediates [52]. A noble Pd-based catalyst was 
explored to be efficient and possesses superior performances 
for fuel cell applications because it is highly resistant to CO 
poisoning [22]. We have examined the electrocatalytic 
activity of 

as-synthesized chain-like cubic Pd nanostructures towards 
formic acid and methanol oxidation (Figure 8). Well-defined 
voltammograms with prominent peaks in the forward and 
reverse scans were obtained, respectively. The oxidation 
current has been normalized to the electroactive surface 
area of the cubic chain-like Pd nanostructures. This surface 
area was determined from the coulombic charge reduction of 
Pd oxide (vide supra), according to the reported value of 
424 mC cmr 2 . As shown, the as-synthesized cubic chain-like 
Pd nanostructures of different branched morphologies exhibit 
different electrocatalytic activities. 

The oxidation of formic acid on Pt involves a dual path 
mechanism, a dehydrogenation path to the direct formation 
of C0 2 and a dissociative adsorption to form poisoning CO 
species (a dehydration path) [53-55]. It can be seen that the 
formic acid electro-oxidation on these present cubic chain- 
like Pd nanostructures shows two anodic peaks in the 
forward scan. The onset potential and peak potential on 
cubic chain-like Pd nanostructures are -0.15 and 0.13 V, 
respectively (Figure 8A, curve b). The first small anodic 
peak is attributed to the direct oxidation of formic acid to 
C0 2 on the remaining sites unblocked by intermediate 
species. At higher potentials, the current further increases 
and reaches another peak. The second peak is related to the 
oxidation of adsorbed intermediate species (CO), which 
releases the free surface sites for the subsequent direct 
oxidation of formic acid. In the reverse scan, the current 
reaches a high peak located at around 0.02 V, which is 
much higher than those in the positive scan, due to the bulk 
HCOOH oxidation and the absence of CO poison. However, 
with the potential scanning to more negative values, the 
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Figure 8 Cyclic voltammograms show the oxidation of (A) formic acid (0.25 M) in 0.5 M HC10 4 and (B) methanol (0.25 M) in 
0.1 M KOH at (a) bare GC, (b) cubic chain-like Pd nanochains, (c) cubic chain-like Pd nanochains in the absence of both formic acid 
and methanol, (d) cubic small dendrites of Pd nanostructures, (e) cubic big-dendrites Pd nanostructures and (f) fractal Pd 
nanostructures modified electrodes. Scan rate: 50mVs _1 . 



surface was again poisoned by CO, resulting in the decrease of 
the oxidation current [56-59]. The oxidation of formic acid at 
cubic chain-like Pd nanostructures is higher than those on 
cubic chain-like small dendrites of Pd nanostructures (-0.10 
and 0.16 V), cubic big-dendrites Pd nanostructures (-0.10 and 
0.16 V) and fractal Pd nanostructures (-0.07 and 0.18 V), 
indicating that the formic acid is easier to oxidize on cubic 
chain-like Pd nanostructures. The peak current density for 
cubic chain-like Pd nanostructures is ~ 760 mA/cm 2 , which is 
much higher than that for cubic small dendrites of Pd 
nanostructures (~480 mA), cubic big-dendrites Pd nanostruc- 
tures (~ 460 mA) and fractal Pd nanostructures (~ 250 mA). 
This should be resulted from its highest ECSA. The specific 
surface activities of these catalysts could be obtained from 
the normalized peak current density with ECSA to further 
investigate the possibility of the enhancement effect of cubic 
branched nanostructures on the intrinsic electrocatalytic 
activity, which is 10.8, 6.8, 6.5 and 3.5Arrr z for cubic 
chain-like Pd nanostructures, cubic small dendrites of Pd 
nanostructures, cubic big-dendrites Pd nanostructures and 
fractal Pd nanostructures, respectively. The low onset and 
oxidative peak potential value (less positive potential), much 
higher specific surface activities of the cubic chain-like Pd 
nanostructures catalysts towards formic acid oxidation may be 
attributed to the presence of branched ( branches in a tree ) 
morphology. On the other hand, the present Pd nanostructures 
also efficiently catalyze the oxidations of methanol (Figure 8B) 
and ethanol (Figure S4). We summarized the activity of Pd 
nanostructures in terms of oxidation potential and generated 
catalytic current-density and these data are provided in 
(Table SI). Further, we compared the electrocatalytic per- 
formance of the present branched cubic chain-like nanopar- 
ticles to commercial Pd/C and spherical PdNPs toward the 
oxidation of formic acid and methanol (Figures S5 and S6). 
The current densities were also normalized to the electro- 
active surface area, which were measured from the electric 
charge of hydrogen adsorption/desorption on Pd surfaces. 
Such normalization allowed the current density to apply 
directly for comparison of the catalytic activities of the 
different catalysts. The cubic chain-like Pd nanostructures 
show >11.5 (comparison for both cases) times more activity 
on the basis of an equivalent noble metal mass for the formic 
acid and methanol than the spherical shaped PdNPs and 




Figure 9 Polarization current vs. time plots of branched cubic 
chain-like Pd nanostructures (a), cubic small dendrites of Pd 
nanostructures (b), cubic big-dendrites of Pd nanostructures 
(c) and fractal Pd nanostructures (d) modified electrodes measured 
in formic acid (0.25 M) in 0.5 M HC10 4 solution. 

commercial Pd/C catalysts. This may be attributed to the 
high degree of structural anisotropy of cubic chain-like Pd 
nanostructures and branched tree-like morphology contribut- 
ing to their superior electrocatalytic activities. The rich 
branched sharp edges and corner atoms of tree-like struc- 
tures were highly preferred for improving the catalytic 
activity [60]. The long-term stability of these catalysts was 
evaluated by the chronoamperometry method and also the 
current decay, which is associated with the poisoning of 
intermediate species on the nanoparticles determining the 
fate of its practical application. The chronoamperometry 
profile is sufficiently stable for cubic chain-like Pd nanos- 
tructures and cubic nanostructures of dendrites morpholo- 
gies. The chronoamperometric stabilities of cubic chain-like 
Pd nanostructures, cubic nanostructures of small dendrites, 
cubic big-dendrites and fractal nanostructures were investi- 
gated using towards formic acid oxidation and as shown in 
Figure 9. The polarization current for the formic acid 
oxidation reaction on these three supported Pd catalysts 
shows a significant decay initially and reaches a stable value 
after polarization at 0.20 V for ~ 400-600 s. The current decay 
for the formic acid oxidation reaction indicates the slow 
deactivation of the nanostructued Pd-based electrocatalysts 
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by the slow adsorption of CO or CO-like intermediates [61-63]. 
This is supported by the detection of the adsorption of CO 
species on Pd catalysts during formic acid oxidation by 
surface-enhanced infrared absorption spectroscopy [64]. How- 
ever, the stable mass specific current for formic acid oxidation 
reaction on cubic chain-like Pd nanostructures is ~ 540 mA, 
significantly higher than cubic nanostructures of small den- 
drites (~ 170 mA) and cubic big-dendrites (~90mA). This 
indicates that cubic chain-like Pd nanostructures catalysts 
possess much better stability against the poisoning by 
adsorbed CO or CO-like intermediate species. The stability 
of these catalysts was also studied by the cyclic voltammetric 
method. The first peak currents at forward scan are recorded 
as a function of the cycle numbers, as shown in Figure S7. 
Using the peak current of the 10th cycle as the baseline, the 
peak current after 100 cycles on cubic chain-like Pd nano- 
structures is reduced by 29.6%, which is significantly lower 
than the reduction in activity on cubic nanostructures of small 
dendrites (38.5%) and cubic big-dendrites (57.2%) nanocata- 
lysts, further indicating that cubic chain-like Pd nanostruc- 
tures exhibit the highest catalytic stability and is in good 
agreement with the results of chronoamperometry curves. 
Therefore, the as-synthesized cubic chain-like Pd nanostruc- 
tures were highly resistant to poisoning due to intermediates 
and were favorable for practical uses. We could also evidently 
argue that the presence of cubic chain-like Pd nanostructures 
significantly enhances the electrocalytic activity and dimini- 
shes the poisoning of the Pd catalysts for the highest stability. 
We anticipate that the cubic chain-like Pd nanostructures 
(Figure 1) expose a larger number of active sites for the 
adsorption of active oxygen atoms, which readily oxidizes the 
reaction intermediate species, protecting it from surface 
poisoning [65,66]. No change in the morphology of branched 
cubic chain-like Pd nanostructures was observed after several 
voltammetric cycles (Figure S8) and hence acclaims its robust 
nature. Our efforts are underway to modify these cubic chain- 
like Pd nanostructures on the graphene, carbon support and 
compare their enhanced electrocatalytic activity with the 
commercially available Pd/C. 

Conclusions 

In summary, we have explored a facile approach to tailor 
the shape and tree-like branched morphology of Pd nano- 
structures in aqueous medium. We propose that, 5-HT 
molecule (stabilising/reducing agent) plays a vital role on 
selective binding on the surface of 1-D nanostructure and 
reconstruct the tiny nanocubes into dendritic-like cubic 
nanochains. The as-synthesized chain-like, small and big- 
dendrites, and fractal Pd nanostructures showed cubic 
shape and morphology dependent electrocatalytic activity 
towards oxidation of formic acid, methanol and ethanol for 
DFAFC, DMFC and DEFC applications. 
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